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Soft colloids such as poly(N-isopropylamide) (PNIPAM)-based microgels are 
colloidal particles that consist of chemically cross-linked three-dimensional polymer 
networks. The physical nature of these microgel particles thus lies in between that of 
hard-sphere colloids, and ultrasoft star polymers as well as micelles. Due to the 
softness of the particles, microgels can interpenetrate or compress. As a result, 
microgels can be packed to effective volume fractions far above solid particles close 
packing, leading to the existence of much richer phase behavior when compared to 
simple hard colloidal particles. However, there is still a lack of knowledge on the 
structure and properties of soft colloid suspensions at and above close packing, and in 
particular some theoretically predicted phase behavior has not yet been reproduced by 
the experimental studies.  
This thesis presents a novel approach to study the rheological properties of soft 
microgel suspensions using a combination of particle-tracking microrheology and 
magnetic tweezers. We essentially employ an evanescent wave (generated by a 
solid/liquid interface in the total internal reflection microscopy (TIRM)) as the 
incident light source to probe the displacement of an embedded probe particle (of a 
few micrometers diameter) near a flat surface. By measuring the scattered intensity, 
this technique allows tracking of the thermal motion of the embedded particle 
perpendicular to the solid surface to a precision of tens of nanometers, making it a 
highly sensitive spatial detector. Moreover, the integration of a magnetic driving force 
into the TIRM enables us to effectively manipulate the embedded particle in three 
dimensions by an oscillatory force so that the local viscoelastic properties of the 
microgel suspensions can be measured by resolving the particle motion. We 
investigated the concentration- and temperature-dependent on the structural ordering 
and phase behavior of PNIPAM microgel suspensions. Microrheology allows us, at a 




phase transition by looking at the viscoelastic properties of the suspensions. We show 
that this result is related to the softness of the microgel particles under a confined 
condition, and discuss our findings in view of the existing theoretical predictions for 
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1.1 Introduction to colloids 
Colloid is such an object that its gravity can be neglected in a Brownian motion 
system where the thermal energy predominates. Usually, the dimension of colloidal 
particles is in the range from 10 nm to 10 um.[1] When the size of the composition of 
a system decreases down to colloidal range mentioned above, such a system is 
so-called colloidal system. Colloidal system, especially colloidal suspensions plays 
vital roles in food technology, pharmaceutical, cosmetic science, agriculture 
horticulture, and thus receive growing attention in the scientific and industrial 
communities. 
In such a colloidal system, colloids’ motion is mainly dominated by thermal energy. 
The average translational kinetic energy is 3
2
kBT，which was first introduced to 
explain the existence of atoms and molecules. Based on this speculation, researchers 
found an analogy between colloids and molecules, and tried to explain the dynamics 
of molecules through observing colloids’ behavior.[2, 3] However, there is a 
difference in these two systems that molecules move ballistically, while colloids in a 
dilute suspension move diffusively.[1] Colloids’ diffusion actually originates from 
Brownian motion, which is described by diffusion coefficient, D, transferred by 






where η is viscosity of the solvent, and r is colloid’s radius. This is the basic character 
of the colloids, and can be applied to describe several kinds of phenomena of colloidal 
systems. 
Colloids interact with each other through varies of forces, either attractive or 
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repulsive. Quantitative methodologies to describe the interactions of colloidal 
particles were originally developed by Derjaguin and Landau[5] and Verwey and 
Overbeek[6] (DLVO). In dilute suspension, colloids move independently. If the 
number density of the colloids increases, their freedom is hindered by enhanced 
interactions and phase transitions might emerge in this system. To simplify these 
processes, usually ideal hard colloids are considered, and we will follow this 
hard-sphere model to discuss the phase transition in the beginning section. Recently, 
there has been growing interest in systems composed of soft particles, which can be 
realized experimentally using colloidal particles made by microgels or star polymers. 
These soft colloids are characterized by tunability of their softness and complex 
interparticle interactions, which result in rich phase diagrams and unique structure and 
dynamic behaviors. Therefore, we will focus on the discussion of soft colloids in the 
later section, and introduce a typical soft colloidal system - microgel suspensions to 
demonstrate the importance of softness in the fluid-solid transitions. 
1.1.1 Phase transition in hard colloidal system 
Colloidal system appears in different phases just like molecules, such as in gas, 
liquid, glass or crystal. Each pure material has its own critical phase transition 
parameters, like phase transition temperature which is usually defined as freezing 
point and boiling point. Similarly, phase transitions of ideal hard colloids at a fixed 
temperature are determined by a critical parameter, the volume fraction, φ.  
Extensive experiments and simulations have shown a good agreement and 
established a full picture of the hard-sphere colloids’ phase diagram. In such an ideal 
system, the interaction between two spherical colloids is zero until they start to 
overlap, and the interaction becomes infinite. At a fixed temperature, if the  volume 
fraction of colloids is under a sustainable growth, the system will go through 
liquid-glass or liquid-crystal-glass transition. In monodispersed hard-sphere colloidal 
suspension, the liquid-crystal transition starts to appear when φ = 0.49, while at the 
random close packing volume fraction, φrcp = 0.64, an amorphous glassy phase 
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comes out.[7, 8] Poly(methyl methacrylate) (PMMA) has often been selected as a 
model of hard sphere colloids to study the phase transition. P. N. Pusey and W. van 
Megen have shown in their experiments that, liquid-crystal-glass phases were 
observed one by one while increasing the volume fraction (Fig.1.1).[8] 
 
Figure 1.1 The phase diagram is observed during the concentration dependent 
experiments. As a nearly hard-sphere colloid PMMA shows different phase at various 
volume fractions (Sample2 to 10, with arrows), from fluid, fluid & crystal, crystal and 
glass. The y axis is the volume fraction of crystal in the system. Arrows at the bottom 
indicate the volume fractions, derived from computer simulations, for freezing, 
melting and random close packing (‘Bernal glass’) of the hard-sphere colloids. 
 
1.1.2 Phase transition in soft colloidal system 
Soft colloidal system is quite different from hard colloidal system for their 
deformable nature. In dilute case, soft colloids behave the same as hard colloids. 
However, as the concentration increases the free volume of the colloidal particles is 
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reduced gradually and the particles are forced to deform to fit themselves. Generally 
speaking, typical soft colloidal systems include micelles, star polymers, emulsions, 
microgels and protein solutions. Moreover, many biological systems like cells can 
also be considered as condensed soft colloidal systems. Therefore, it is very 
meaningful to study the soft colloids in a condensed situation, both for scientific and 
engineering researches.  
Different kinds of soft particles were studied in order to explore how soft 
interactions lead to different phase diagrams. LÖwen et al.[9-11] used star polymer as 
a soft colloidal model and simulated the softness and packing fraction of star polymer 
influence on their phase diagrams. Softness of the star polymer was controlled 
through modulating the arm density of the polymer. Through their simulation, four 
stable crystal phases were observed, including unusual occurrence of body-centered 
orthogonal (BCO) and diamond crystal. In these two phases, soft colloids have to be 
deformed and thus they cannot appear in hard colloidal systems. Moreover, unlike 
hard colloidal system, a reentrant melting with increasing packing fraction was 
observed. Similar to star polymer, other soft colloidal model like Hertzian model also 
gets a rich phases in phase diagram.[12] In the following section, the phase transition 
of microgel suspension - a typical soft colloidal system with softness among hard 
sphere and ultrasoft star polymer - is to be well discussed.   
 
1.2 Overview of phase transition in microgels 
In recent years, many researchers employed poly(N-isopropylacrylamide) 
(PNIPAM) microgels as a potentially useful model soft colloids. The most prominent 
feature of PNIPAM microgel system is their thermal sensitivity, that it exhibits a 
lower critical solution temperature (LCST) of ca. 33℃. Below the LCST, PNIPAM 
microgels will be swollen and interact repulsively with each other; whereas above the 
LCST they will begin to collapse and turn to hydrophobic and attractive to each other. 
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Furthermore, the chemical modification or incorporation of methacrylic acid (MAA) 
moieties into PNIPAM microgels adds pH and ionic strength-sensitivity, giving rise to 
multiresponsitive behaviors of soft particles (see Fig.1.2). This extraordinary property 
offers a convenient way to alter the volume fraction of microgel by adjusting the 
temperature or other stimuli conditions including pH and ionic strength. 
 
Figure 1.2 This schematic scheme describes the reversible exchange states of 
PNIPAM microgels. By adjusting the environmental stimuli such as temperature or 
pH, microgel in swollen state will shrink its size, and become a more compact and 
solid particle. In a reversed process, collapsed microgel swell itself to be larger and 
looser. 
 
Similar to hard colloidal systems, the phase transition of microgel suspension 
depends on the volume fraction of microgels. However, it is hard to determine the 
volume fraction of microgel due to its deformation under concentrated cases. Even in 
semidilute regime, microgels could shrink because of balancing osmotic pressure 
outside and inside of the microgel networks. Therefore, effective volume fraction 
(φeff) usually is defined to represent the deformation of the microgel. The accurate 
definition is expressed by this formula in spherical colloidal system as: 
 φ = 3eff
4vn = πr n
3
 (1.2) 
where v is the volume of a single non-deformed colloid, n is number density of the 
colloid, and r is its radius. 
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From the definition, φeff is a parameter to judge the degree of the deformation, and 
can be extracted from relative viscosity’s measurement, as firstly reported by 
Batchelor:[13] 
 φ φsample 2eff eff
solvent
η
= 1 + 2.5 + 5.9
η
 (1.3) 
where ηsample and ηsolvent are viscosity of sample and solvent in a dilute suspension. 
According to Eq. (1.2), n is number density of the microgel particles, and is 
proportional to the weight concentration, c. To obtain the φeff in high c, the following 









whereφeffH and cH are effective volume fraction and concentration in high 
concentration colloidal suspension respectively, and φeffL and cL are same two 
parameters in the samples with lower concentration. 
Richtering et al. studied the phase suspension of pure PNIPAM microgels and 
pointed out some differences from hard sphere system.[14] They showed that for 
nearly monodispersed microgel suspension, crystallization starts later atφeff = 0.59, 
compared with hard spheres’φeff  = 0.494. Also, the melting point of crystal shifts 
back to φeff  = 0.61. However, the fluid-crystal coexistence region is quite narrow 
under the soft condition.[14] The glass transition in microgel suspension usually 
appears when φeff >1, which is impossible in hard sphere system.[15-17] 
Crystallization is easy to be observed by naked eyes for the formation of photonic 
crystals but not for the glass transition. 
Besides the observing methods, rheology is usually used to study the glass 
transition of the microgels. It is desirable to note that the shear force in traditional 
bulk rheology is so strong and might destroy the microstructure of microgel 
suspension in a condensed situation. So bulk rheometer is limited to be used for 
studying the phase transition of the semi-soft microgel, a kind of core-shell 
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mcirogel.[15] Weitz et al. applied dynamic light scattering (DLS) to study 
microrheology of soft microgel suspension depending on diversity of volume 
fraction.[16, 17] A polydispersed sample was used to avoid crystallization. To tune the 
volume fraction, they changed the environmental temperature from 10℃ to 35℃. 
The system kept a highly condensed condition at low temperature, while turned into a 
lower condense situation above the LCST. Modulus from DLS measurement 
presented two sharp phase transitions as shown in Fig.1.3. 
 
Figure 1.3 Frequency dependent elastic modulus G’ (solid symbols) and loss modulus 
G” (open symbols) varied with temperature. (A) Glassy regime appeared at 10℃ 
(squares), 20℃ (circles), and 24℃ (stars). After a transient state at 26℃ (squares) 
and 27℃ (circles),a liquid-like regime emerged at 28℃ (stars) (B) Gel forms in high 
temperature, at 31℃ (squares), 33℃ (circles) and 35℃ (stars). All measurements 
are taken after 2.5 h. 
 
At temperature under 24℃, G’ is a plateau and larger than G”. The highly deformed 
microgels with φeff>1.39, shows a glassy state. When the temperature is increased to 
28℃  near the LCST, microgels start to collapse dramatically and behave like 
viscoelastic liquid. The modulus have a relationship with frequency, G’~ω2 and 
G”~ω1, which is a typical scaling of viscous liquid. Above the LCST, although 
effective volume fraction of microgels is quite small for their shrinking size, the 
whole suspension forms a bulk gel instead of liquid. This strange phenomenon is due 
to the strong attractive interaction among microgels at high temperature. Below the 
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LCST, PNIPAM networks like to form hydrogen bonds with water, but above the 
LCST, their hydrogen bonds are broken, and the PNIPAM chains prefer form 
intermolecular hydrogen bonds at this time. In other words, microgels become 
hydrophobic and attractive at temperature higher than LCST. It ultimately forms an 
attractive gel, where G (G’ and G”) also have a power law with ω, G~ω0.3. This work 
draw a picture about microgels’ phase transitions with temperature dependence, but 
roughly without good controls, especially it cannot separate the effects of the 
variation of volume fraction and the variation of interactions via changing 
temperature.  
 
1.3 Simulation of soft colloids’ phase diagram 
Soft colloids are considered as systems where the inter-particle potential has its 
maximum energy 𝜖 at zero separation and decreases monotonically approaching zero 
within a distance σ. If 𝑘𝐵𝑇 ≫ 𝜖, thermal energy dominates, so the system will behave 
like an ideal gas system. However, if 𝑘𝐵𝑇 ≪ 𝜖, particles fail to overlap due to a large 
energetic cost. To the limit 𝑘𝐵𝑇 → 0, the system would go through a hard-sphere 
freezing transition.[12] 
In theory and simulation works, to understand the effects of softness, a kind of 
pairwise interaction potential is presented as[18] 
 ( ) ( )ψ  nr = σ r  (1.5) 
where 𝜖, σ and n are model parameters and r is the center-center separation. For a 
given n, the potential is defined by the parameter group 𝜖𝜎𝑛. The potential can be 
varied greatly by adjusting n, which is an important symbol of the softness of the 
particle. As n increases, the potential becomes harder and shorter-ranged. It 
approaches real hard sphere as n→∞. For small values of n, the potential turns to be 
soft and long-ranged. This inverse power law potential derives an inter-particle 
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potential energy function. In Fig.1.4, five potential curves with specific n values are 
compared.[19] 
 
Figure 1.4 Inter-particle potential energy functions for the five inverse power 
potentials, when n = 4, 6, 9, 12 and ∞. 𝑒−𝜙 𝜖⁄  is the inter-particle potential.  
 
In such a soft potential model, a mono-dispersed soft colloidal system can undergo 
through fluid-crystal process, as the effective volume fraction increases. When 1/n 
increases, namely, when the softness increases, the freezing point of colloid (starting 
point of fluid-crystal transition) is delayed as the effective volume fraction increases, 
as depicted in Fig.1.5.[14] 
 
Figure 1.5 Dependence of softness of particle,1/n to freezing point effective volume 
fraction, φfreezing. Open squares is simulation results by Agrawal et al.[18]; open 
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diamonds is simulation results reported by Hoover et al.[19]; filled triangle is the 
experimental results from thermo-sensitive microgel by Ritchering et al.[14]. 
 
Hertzian sphere is another model for soft colloid. Consider a system with N 
particles in a volume V interacting with a soft, repulsive, pairwise additive Hertzian 
potential,  







1 - r σ r < σ
r σ
 ,r =   (1.6) 
where 𝜖 and σ set the energy scale and length scale, r is the center-center separation 
distance. This Hertz potential is generally used to describe soft particles that can 
deform its shape under large compression conditions. Hertzian potential system is 
used to mimic typical elastic soft particles, like polymer micelles, dendrimers, star 
polymers and microgels, explain phase transitions of those soft systems in simulation. 
Josep et al. studied the phase diagram of monodisperesd Hertizian spheres which 
undergoes several crystal forms. The simulation worked out by short NVT Monte 
Carlo method exhibits the phase diagram of Hertzain sphere system as shown in 
Fig.1.6.[12] In the temperature-density phase diagram, 𝑘𝐵𝑇 𝜖⁄  indicates an energy 
level, which is dependent on temperature, T; ρσ3 is a character standing for particle 
density. It is shown that if 𝑘𝐵𝑇 𝜖⁄  keeps above 0.004, increasing the particle density 
ρσ3, the crystal system in FCC or BCC will melt into fluid phase. In other words, such 
a Hertzian sphere crystal would turn to a fluid, by just adding more particles. This 





Figure 1.6 Phase diagram of Hertzian spheres. Free-energy calculations for ρσ3<7 are 
performed in this diagram. The broken line indicates approximate phase boundaries. 
FCC, BCC, H, SC, BCT and R are different crystal forms; F indicates fluid phase. 
 
Szamel et al. further explored the dynamics and structures of Hertzian sphere 
system in both theory and simulations. They examined a monodispersed system of 
Hertzain spheres using hypernetted chain (HNC) approximation and mode-coupling 
theory (MCT) as their theory parts. For simulation, to avoid crystallization, a 
polydispersed Hertzian sphere system was applied in theoretical prediction by 
molecular-dynamics (MD) simulation. Both two methods reached an agreement in the 
T-ρ phase diagram, see Fig.1.7.[21] 
In conclusion, results from two methods exhibits similarity to Frenkel’s 
monodispersed Hertzian spheres’ simulation. It is quite surprising of the conclusion 
that the glassy state could suddenly melt when the system becomes highly crowded. 
Although this glass-fluid transition has been predicted in theory and simulation, but 




Figure 1.7 Dynamic phase diagram of soft particles near the absolute zero K shows 
two results from both methods, theory (triangles) and simulation (squares). A 
reentrant glass transition occurs in both cases with a maximum near ρ ≈ 2.4. 
 
All the points put forth above illustrate that there is still a lack of knowledge on the 
structure and properties of soft colloid suspensions, particularly at and above close 
packing. Moreover, some theoretically predicted phase behavior has not yet been 
reproduced by the experimental studies. This thus provides us a standing point to 
revisit this old problem. By using a combination of particle-tracking microrheology 
and magnetic tweezers, this thesis investigated the concentration- and 
temperature-dependent on the structural ordering and phase behavior of PNIPAM 
microgel suspensions. Microrheology allows us, at a first time, to identify a density 
driven re-entrant liquid-glass-liquid phase transition by looking at the viscoelastic 
properties of the suspensions. We show that softness of the microgel particles and the 
confinement condition play an important role in determining the structure during the 
phase transition. Lastly, we discuss our findings in view of the existing theoretical 
predictions for soft particles.  
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2.1 Overview of the microrheology methods 
Soft materials, such as polymer solutions, hydrogels, emulsions, proteins and cells 
are important to human’s daily life. However, they are hard to be understood due to 
their complex structures, multiple characteristic lengths and time scales.[1] Rheology 
is a general mechanical approach to study such viscoelastic materials, namely, how 
soft materials will respond and deform under external forces. Rheology property 
provides information on the internal microstructures of a material. Therefore, 
rheological measurements have become a conventional method which was broadly 
applied in industry and academic fields. 
Among most rheological applications, traditional mechanical rheometers are 
frequently used. It can be applied on very stiff materials since strong deformation 
force (0.01 – 50 N) can be achieved, and yields viscoelasticity averaged at macroscale, 
However, sometimes such features turn to be limitations, especially in the applications 
on heterogeneous and fragile materials. Therefore, in recent decades, a new technique 
called microrheology was developed to address these problems. It is a minimized 
technique that measures the rheological properties locally at microscale. The 
emergence of microrheology has greatly extended our understanding on the 
microstructures of fragile materials like physical gels [2, 3] and biological systems 
including living cells. [4-7] 
Several kinds of scientific approaches are capable for microrhelogical 
measurements, including the video particle tracking, light scattering, atomic force 
microscopy (AFM), laser tweezers and magnetic tweezers.[8] In general, they can be 
divided into two kinds: active and passive microrheology, where active methods are 
those using external forces to deform the materials and passive ones employ only 
thermal energy to disturb the materials.[9] In this chapter, I will firstly review the 
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principles and some examples belonging to these two kinds of microrheology 
techniques, and then introduce a homemade single particle tracking microrheometer 
in our group, which incorporates two techniques: total internal reflection microscopy 
(TIRM) and magnetic tweezers. The instrumentation of this technique will be 
discussed in detail. 
2.1.1 Passive techniques of microrheology 
2.1.1.2 Passive particle tracking microrheology 
This series of microrheology, the passive particle tracking microrheology, measures 
rheology locally through analyzing the embedded colloids’ trajectories in the sample 
medium which are only excited by thermal energy. This idea origins from Mason and 
Weitz.[10] 
In a typical passive video-particle tracking method, a camera records the 
continuous movement of the probe particle, which relates to the environment’s 
viscoelasticity. Trajectories of selected particles are obtained to calculate the averaged 
mean square displacement (MSD), and then relates to the linear viscoelasticity of the 
medium.  
To understand how the thermal energy drives the micro-sized particle in a 
viscoelastic medium, we can firstly see how it moves in a simple viscous fluid, the 
Newtonian liquid. In such a medium, the micron-sized colloidal particles diffuse to do 
Brownian motion. Defining a time dependent displacement function, which is well 
known as the MSD as: 
 ( )2 2( ) | (t) |t t〈 〉 = 〈 + − 〉   tx x t x  (2.1) 
where ?⃑? is probe particle’s motion vector, τ is the lag time and the brackets indicate 
an ensemble average over all time t. The diffusion coefficient, D, of Brownian 
particles is calculated from the diffusion equation: 
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 2 ( ) 2t t〈 〉 =x dD                     (2.2) 
where d stands for the d-dimension. In video particle tracking experiments, normally 
two-dimensional (2D) information is recorded. On the other hand, the viscosity η of 
the fluid could be calculated with known particle radius a through the famous 
Stokes-Einstein equation: 
 / 6πη= BD Tk a  (2.3) 
Fluids measured in practical experiments are always more complex, which behaves 
not only viscous but also elastic. Their responses are highly frequency dependent, and 
even relate to time and length scale of the measurements[11-13]. Unlike the simple 
Newtonian fluid in which the MSD has a linear relationship with time; MSD of the 
probe particle embedded in complex fluid, may scale differently with τ: 
 2 ( ) αt t〈 〉 x  (2.4) 
where 𝛼 is the diffusive exponent. The particles may exhibit subdiffusive motion 
(0 < 𝛼 < 1) or become locally constrained (𝛼 = 0) at long time limitations.  
In an opposite case, an ideal medium might exhibit a pure elastic property, which 
corresponds to a plateau in the MSD with no dependence of time. Therefore, the 
thermal energy of the particle equals to the elastic energy density of deformation, and 
responses to the displacement of the particle as: 
 2 ( )t
π
〈 →∞ 〉 = B
Tx k
G'a
  (2.5) 
where the elastic energy for deforming a material can be understood as the energy of 
spring with a spring constant proportional to G’a. This energy is actually the thermal 
energy kBT. 
Viscoelastic property of a complex fluid can be modeled as an elastic network that 
is viscously coupled to and embedded in an incompressible Newtonian fluid.[14] As a 
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result, Mason et al. extended the analysis of the motion of tracked particle to general 
cases, where the shear modulus is frequency dependent. They proposed a formula 
called generalized Stokes–Einstein formula, for 2D it can be expressed as: 







  (2.6) 
where s is the Laplace frequency, and ∆𝑥�2(𝑠), 𝐺�(𝑠) are the Laplace transforms of 
∆?⃑?2(𝜏) and G(t). 
An equivalent and simple way to analyze a particle tracking measurement is in 
analogy to a creep experiment, measuring the compliance. In a creep case, the MSD 
could be expressed as: 
 ( )2 ( )
π
〈 〉 = Γ B
k Tx s t
a
  (2.7) 
where Γ(t) is the compliance of the material.[8, 10] Eq.(2.7) is another form of 
generalized Stokes–Einstein equation. Compared with bulk rheology,  𝐺� (𝑠) is 














where  represents the Fourier transform.[15, 16] 
G*(ω) is the complex shear modulus and can be written as the sum of the real and 
imaginary components as: 
 ( ) ( )* "( )'ω ω ω= +G G iG  (2.9) 
where G’(ω) is storage modulus and G”(ω) is loss modulus, both are possible to be 
derived from function G*(ω). Numerical methods developed by Mason et al.[17] is 
widely accepted to estimate the transforms algebraically by applying a local 
power-law expansion around a frequency of ω, which produces the frequency 
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dependence of G’(ω) and G”(ω): 
 ( ) ( ) [ ]* ( ) / 2' ω ω πα ω=G G cos  (2.10) 
 ( ) ( ) [ ]*" ( ) / 2ω ω πα ω=G G sin  (2.11) 
where 𝛼(𝜔) ≡ 𝑑 𝑙𝑛〈∆?⃑?2(𝑡)〉
𝑑 𝑙𝑛𝑡 │𝑡=1 𝜔⁄ and |𝐺∗(𝜔)| = 𝐾𝐵𝑇 (𝜋𝜋〈∆?⃑?2(1 𝜔⁄ )〉{𝛤[1 + 𝛼(𝜔)]})⁄ . Here𝛤[1 + 𝛼(𝜔)]  is the gamma 
function with a complex functional form.[16] 
  Fourier expansion yields frequency dependent modulus. Such algebraic data 
analysis leads a convenient way to study microrheology by particle tracking method 
similar to bulk rheology. In normal microrheological measurements, G’ and G” are 
obtained in frequency dependence, while the values and the relationship between the 
two modulus demonstrate the viscoelasticity of the complex fluid. For example, 
Schmidt et al. have studied the sol-gel transition of polymer solution with different 
concentrations. As shown in Fig.2.1, PAAm solution behaves like a liquid at 
concentration of 2% with linear plot of G’ in such a double logarithmic chart; When 
the concentration increased over 2%; G’ showed plateaus, which indicated a gel 
state.[18] And they showed that bulk rheology agreed with the result quite well. 
 
Figure 2.1 (A) Concentration dependence of the storage modulus in PAAm gels, 
extracted from the Fourier transform. When the concentration increases, G’ increases 
too, and at a higher concentration, G’ becomes a plateau. (B) Control experiments 
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were measured by bulk rheometer. The bulk storage modulus shows a similar result 




Figure 2.2 In intracellular microrheology, probe particles are embedded in cells, and 
their MSDs are shown in top right corner. Fluorescent PS beads with radius of 100 nm, 
are injected into healthy wild-type (WT) (left panel) and LmnaL530P/L530P (right 
panel) mouse adult fibroblasts (MAFs), derived from a mouse model of progeria. In 
the healthy WT cells, the movements of the probe beads will be resisted by 
nucleocytoskeletal connections, which were destroyed inlaminopathic cells, so their 
MSDs are much smaller than the MSDs of beads in LmnaL530P/L530P 
fibroblasts.[19] 
 
Nowadays, such kind of particle tracking methods has also been applied to 
biological systems. It was proved to be an excellent approach for researchers to 
explore internal structures of cells in a rheological aspect. Rhelogical differences can 
be easily found among the cell skeleton, cytoplasm, and inside the organelles.[20-22] 
In addition, the microrheological properties are quite different between the healthy 
cell and diseased cells with the same kind.[19, 23, 24] For example, particle-tracking 
microrheology in cells derived from mouse models of laminopathy is carried out. The 
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tracking particles are shown in Fig.2.2, where the MSDs of the tracking probe are 
recorded to calculate the rheology of cytoplasm.[23] To study the genetic disease 
laminopathy, micron-sized beads were injected in both healthy and diseased cells of 
the mouse to probe the microrheology of cytoplasm. In the laminopathic cells, there 
exists cytoplasmic fragility because of the defunct nucleocytoskeletal connections. 
Thus beads will move more easily in these cells, while the motion of beads in healthy 
cells will be hindered.[19] 
2.1.1.2 Light scattering microrheology 
Different from the above particle tracking techniques, dynamic light scattering (DLS) 
is an ensemble average microrheology technique. It detects the diffusion dynamics of 
the probe nanoparticles dispersed in complex fluid.[25-28] DLS is actually one of the 
earliest microrheological method, which plays an important role to build up the 
theoretical and practical frameworks for microrheology measurements.[8] The 
time-correlation function of the scattered light from the embedded nanoparticles can 
be easily used to extract both the viscosity and elastic modulus of the medium. In a 
typical light scattering measurement, the embedded colloids scatter the laser beam, 
and the scattered light will be collected by the detector which is placed at an angel 𝜃 
with incident light. The intensity of the scattering light fluctuation is measured as a 
function of time (𝐼(𝜏)). As a result, the normalized intensity correlation function is 
𝑔2(𝜏) is calculated: 
 ( )2 2
( ) ( )
( )
tt 〈 + 〉=
〈 〉
I t I t
I t
g  (2.12) 
where the brackets indicate an ensemble average over time. On the other hand, the 




( ) ( )( )
( )
tt 〈 + 〉=
〈 〉
E t E t
E t
g  (2.13) 
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where E(t) is the electric field of the scattered light. 𝑔1 determines 𝑔2through the 
Siegert relation as: 
 ( ) 22 11t β= +g g    (2.14) 
where β is determined by the coherence of the detection scheme. For measurements of 
a single coherence area, or speckle, 𝛽 ≈ 1.  
Meanwhile, if the probe particle density in sample fluid is dilute, the MSD of the 
probe particle can be directly deduced from 𝑔1(τ) as: 
 ( )2 21( ) exp[ r τ 6]t = − 〈∆ 〉qg  (2.15) 
where 〈∆r2(𝜏)〉 is the ensemble averaged three-dimensional MSD, and q is the 
scattering wave vector given by: 
   
 
4πn θq = sin
λ 2
        (2.16) 
where n is the index of refraction of the sample and λ is the wavelength of the laser. 
From above analysis, as the MSD is obtained, the frequency dependent viscoelastic 
modulus can be calculated based on the generalized Stokes-Einstein formula 
Eq.(2.8).[9] The algebraic derivation of the modulus has been discussed in the above 
section. 
  DLS is a preferred microrheological approach with wide measurable frequency 
range from (0.01 -1000 Hz) to study the phase transition of transparent materials. 
Weitz et al. contributed to the systematic study of the phase transitions dynamics of 
concentrated Poly(N-isopropylacrylamide) (PNIPAM) microgel suspension, which is 
now considered as a typical soft colloids with thermo-sensitivity[29-31]. They applied 
DLS methods to explore such kind of soft colloids suspension, and found a strong 
glass transition, when the suspension’s concentration is high enough.[32] After that, 
they reported a temperature induced glass-liquid-gel phase transition in such soft 
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colloids suspension as shown in Fig.2.3.[33] In this system, the microgel size shrink 
significantly above the critical temperature, while the inter-particle interaction turns 
from repulsive to attractive as the particles change from hydrophilic to hydrophobic. 
At lower temperature below 25℃, suspension behaves like a glass state where G’ > 
G”. When temperature increases to near 30℃, the suspension turns to liquid state 
where G” > G’. As temperature further increases, a strong attractive gel formed 
following the liquid state. However, traditional DLS microrheology got its own 
limitations: only transparent and stiff fluids could be measured. 
 
Figure 2.3 Temperature dependence of both storage modulus G’(solid dots) and loss 
modulus G”(hole dots). At lower temperature below 25℃, suspension behaves like a 
glass state where G’ > G”. When temperature increases to near 30℃, the suspension 
turns to liquid state where G” > G’. As temperature further increases, a strong 
attractive gel formed following the liquid state.[33] 
 
2.1.2 Active techniques for microrheology 
Besides the passive microrheology techniques, active techniques introduce a 
controllable external force to deform the materials similar to bulk rheology, but in 
microscale. These techniques are powerful to measure the materials that are stiff 
where probe particle are stuck and fails to move under thermal fluctuation. Optical 
tweezers,[34-36] AFM[37-39] and magnetic tweezers[5, 40-43] are commonly used 
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techniques to do active microrheology, and their applied force is small enough to 
deform the material without destroying the microstructures. 
2.1.2.1 Optical tweezers based microrheology 
Optical tweezers technique can be traced back to 1970 firstly proposed by Ashkin 
[44] After that, he did the fundamental works on optical tweezers both theoretically 
and experimentally.[45, 46] Askin demonstrated that the forces exerted by a highly 
focused laser light beam could be used to trap and move a micron-sized object. Since 
then it has been developed extensively, and has increasingly become a common force 
manipulation tool. The outstanding ability of optical tweezer on precise control of 
both force and position greatly promotes the in-depth study of mechanics and 
viscoelasticity of soft matter.[47-52] 
As a sensitive technique, optical tweezer has been applied extensively in the 
mechanical studies of biological system, i.e., obtaining the compliance of bacterial 
tails,[48] stretching of single deoxyribonucleic acid (DNA) molecules,[50] and 
determining the mechanics of human red blood cells.[51] One of the biggest 
breakthroughs by optical tweezer in biology studies recently is that it is possible to 
measure the mechanic property of single protein or biological molecule with ultrahigh 
resolution.[52-55] 
The available trapping force by optical tweezers is usually around pN and could be 
down to sub pN. The size of the trapped micro object normally ranges from 0.2 to 7 
um with different kinds of materials, such as latexes,[56] various metallic particles 
[57, 58]and oil-in-water emulsion droplets.[59] 
It has been shown that for a small displacement, the trapping force exerted by a 
typical optical tweezers obeys Hooker’s law with a spring constant Kot.[49, 60] 
Consequently, the optical tweezers applied in microrheology are usually designed to 
drive the particle in an oscillatory mode at a series of specific frequencies. An 




 ( ) ( ) ot otmx + 6πηax + k + k x = k Acos ωt  (2.17) 
where m is the particle mass, a is the particle’s radius, η is the dynamic viscosity, k is 
the elastic modulus of the medium, and A and ω are the amplitude and angular 
frequency of the optical tweezers.[60, 61] This equation has a steady state solution: 
 ( ) = ( ) ( ( ))x t D ω cos ωt - δ ω  (2.18) 
where the amplitude and the phase shift of the response are 
 ( ) ot
2 2 2 2 2
ot
kDd ω = =
A (k + k - mω ) + m β ω
 (2.19) 
 ( ) -1 2
ot
mβω
δ ω = tan
k + k - mω
 (2.20) 
where β=6πηa/m. From above equations, the dynamic storage and loss modulus G’ 
and G”, can be finally extracted from the η term in Eq.(2.17) following the 
relations[60]  
 
2.1.2.2 Microrheology based on AFM 
The atomic force microscope (AFM) is a versatile mechanical technique 
universally applied in physics and biology for various purposes. In a typical AFM, a 
cantilever whose end has a tiny sharp tip is deflected when placed in a contact or very 
close to a surface (down to several nanometers). The motion of the tip is detected 
synchronously by deflection of a laser beam. The laser beam is efficient to amplify the 




Figure 2.4 Schematic of an atomic force microscope with the optical lever detection. 
The displacement of the laser spot is detected and amplified by the electronic system, 
which equals to a amplification of the tip’ oscillation.[62] 
 
When AFM is used as a microrheolgical tool, two measurement modes are mostly 
used, i.e. the “force mapping mode” and “the modulation mode”. In the “force 
mapping mode”, the tip of the cantilever is parked over a point of the sample and then 
slowly brought in contact to indent the material and retracted again. The sample’s 
mechanic property is mapped point to point in this way.[63] In the“force modulation 
mode”, the tip is sinusoidally vibrated normal to the surface and the amplitude and 
phase of the tips’ response are monitored while the sample is laterally scanned.[62] 
The indentation of the elastic materials is modeled with Hertz model in both modes, 
and is suitable for measuring smoothly curved, homogeneous elastic materials within 
a small deflection.[1, 62] 
AFM is a precise and convenient microrheometer to measure considerable stiff 
materials with elastic modulus under 1 GPa. It has been successfully applied to detect 
the mechanic property of several polymer films, like polyacetylene and diblock 
copolymers, polystyrene-polyacetylene in air.[1, 37] Besides, AFM also contributed to 
the mechanical measurements of varies of biological systems, such as kinds of cell 
and cell membranes.[64-66] In an elasticity measurement, Young’s modulus of the 
sample surface is detected by the deflection of cantilever. For small deflections, the 
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loading force follows the rules of Hooke’s law, and can be calculated once the 
cantilever’s spring constant, k, is known. 
AFM is usually applied to detect the surface or thin sample, like polymer films[39] 
and cell membranes.[67] It is an interesting advantage for studying cell’s elastic by 
AFM that it can achieve a 2D information in a scanning image. This is quite suitable 
for studying heterogeneous sample, like cells. According to Radmacher’s study, they 
recorded the process of how cytochalasin affect the modulus of rat liver macrophages. 
AFM was applied to mapping cells’ modulus along the whole process. The influence 
of cytochalasin is shown in Fig.2.5.[38] Cytochalasin can bind to actin filaments, is an 
inhibition of actin’s polymerization, even can cause cells’ apoptosis. In their 
experiment, they first mapped the cell’s Young’s modulus as a reference by AFM. 
From AFM’s mapping results, no obvious change was detected in Fig.2.5b. After the 
cell was treated with 20uM cytochalasin, immediate influence is observed: some parts 
of cell lost its modulus. This indicates that some actin filaments began to aggregate 
and lost their function. 20 min later, the whole cell in the mapping image (Fig.2.5d) 
lost its original shape, and turned to a dark mass. The actin network in the cell was 
terribly destroyed.  
 
Figure 2.5 Elasticity modulus of fresh rat Kuffper cell was mapped by AFM before 
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and during the treatment of cytochalasin. (a) This is a mapping of Kuffper cell before 
the treatment of cytochalasin. This mapping Young’s modulus acts as a reference. (b) 
The mapped recorded the result after the cell was treated with 4uM cytochalasin. It 
seems nothing happened. (c) When increasing the drug concentration to 20uM, AFM 
mapped the cell immediately. The dark parts indicated the disaggregation of actin 
networks. (d) The cell was mapped 20mins after increasing the drug concentration. 
The modulus loss was clearly to be seen, refer to the dark parts. And the cell could not 
stand its shape. 
 
2.1.2.3 Microrheology through magnetic tweezers 
As early as 1920’s, magnetic field was introduced to measure materials’ mechanics. 
In the following decades, it developed into a powerful technique to generate a proper 
external force to do active microehology: magnets were set up as magnet tweezers 
and samples were placed in the center of the magnetic tweezers, in which the 
magnetic microsized beads were driven by magnetic field from those magnets. 
Optical microscopy is able to detect and record the motion of the micron-sized 
magnetic bead by camera. The following schematics, shown in Fig.2.6, present a clear 
demonstration of how the technique works.[9, 68, 69] 
Compared to other active rheometers, magnetic microrheometers have several 
advantages. Smart 3D force can be generated by properly designing the magnetic 
tweezers which leads to a precise controlling of the magnetic field. Meanwhile, 
magnetic field gets rids of the heating damage which commonly exists in applications 
of optical tweezers techniques on biological systems, and it processes a magnetic 
specificity which could only exert forces on magnetic objects. Therefore, to measure 
the biological materials which is fragile, such as gelatin[70] cellar cytoplasm[71, 72] 
and mucus,[73] magnetic tweezers is a preferred choice. Consequently, in the 
following section, I will introduce a homemade active microrheology method based 
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on magnetic tweezer which is designed to detect the viscoelasticity of fragile complex 
fluid. 
 
Figure 2.6 Schematics of a typical electronicmagnetic microrheometers. (A) “C” 
stands for four coils to generate the magnetic field; “M” is the sample cell in where 
the magnetic beads are embedded; “O” is the microscope objective, that could 
observe the beads’ motion at horizontal plane.[69] (B) In this experiment, magnetic 
beads were immoblized on the membrane of the living cells. One-coil electronic 
magnetic tweezer is set up on a micromanipulatorto drag the beads. The particle 
tracking system is similar to (A).[68] 
 
2.2 Microrheometer based on incorporating Magnetic 
Tweezers to Total Internal Reflection Microscopy  
When complex fluid, like colloids, emulsions and polymer melts, is strained; their 
microstructure will both store and dissipate the deformation energy from the external 
force. However shear force (0.02-50 N) from the traditional bulk rheometer is usually 
big enough to damage the nonchemical bonding microstructures. Also the rheology 
information of bulk rheometer is derived from the external performance of the sample 
rather than the internal deformation. Microrheology can solve these problems, but 
introduce new problems. Passive microrheology like particle-tracking technique is 
hindered at higher frequency for stiff samples, since thermal energy is too weak to 
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produce distinguishable displacement. AFM can only measure thin samples or 
sample’s surfaces. In measurement involving optical tweezers, laser beam could cause 
a thermal damage, which is intolerable for biomaterials.  
To solve these problems, we have built up a home-made single particle tracking 
microrheometer in our lab. It incorporates two main techniques: magnetic tweezers as 
the external force source and total internal reflection microscopy (TIRM) as the 
particle tracking system. This apparatus combines advantages from both techniques. 
Probe in the sample tube could both be precisely tracked in x-y plane by CCD camera 
and z axis by TIRM simultaneously. The tracking resolution by TIRM can be down to 
several nanometers. On the other hand, the incorporated magnetic tweezers is capable 
for pN force manipulation in three dimensions. In the following contents, Section 
2.2.1 introduces the principle and instrumentation of the instrument; Section 2.2.2 
shows how to calibrate the magnetic force; the manipulation and data analysis in 
typical microrheological experiments will be discussed in the end two sections. 
 
2.2.1 Particle tracking system - TIRM 
TIRM is an ultrasensitive optical tool of position detection in perpendicular plane. 
In a typical TIRM, an evanescent wave is generated parallel along a solid/liquid 
interface (inside the liquid phase), where a total internal reflection of an incident laser 
light occurs if the incident angle is sufficient large. The amplitude of the evanescent 
wave decays exponentially with the distance from the interface. If at this moment, a 
micron-sized sphere moves closely to this interface (~ hundreds of nm), it will 
resultantly scatter the evanescent wave. The objective collects the scattered light and a 
sensitive photomultiplier (PMT) records the intensity at the same time. As a 
consequence, the scattered light intensity, I, of the sphere has a similar exponential 
decay relationship with the distance from the surface, expressed as:[74-76] 
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 ( ) ( )0I h = I exp -βh  (2.21) 
where h is the distance from interface of solid/liquid, 𝐼0  is the scattered light 
intensity at h=0, and β is the decay index, determined by:[75] 
 ( )2 21 2
4π
β = n sinθ - n
λ
 (2.22) 
where θ is the incident angle, n1 and n2 are the refractive index of the incident and 
refractive medium. In an experiment, β-1 stands for the penetration depth of the 
evanescent wave intensity. This kind of exponential decay power law makes TIRM 
becomes a particle tracking system with high spatial resolution (~ nm).  
In our TIRM measurements, the measured instantaneous light intensity, I(t), is 
actually a collection of photon numbers entering the photodiode detector during time 
from t from t+Δt. As the Δt gets smaller, I(t) approaches the real value. It is 
noteworthy that too small a value of Δt will bring great statistical noise of I(t), 
because the Poisson statistics in photodiode detector becomes prominent. Also, Δt 
varies from case to case depending on the frequency of the measurements, usually 
ranging from 1ms to 100 ms. 
In our real experiment, a counter card PCI6602 (8-channel, 32-bit counter/timers, 
80 MHz maximum source frequency, National Instruments) was connected to the 
photodiode detector as a counter of the entered photons. The accumulated counts 
during Δt were sent to a PC for further analysis. To obtain the actual location 
information of the probe particle from I(t), a transformed relation with I0, from 
Eq.(2.29) & Eq.(2.30), can be expressed as 
 ( ) ( )  -1 0ln I t Ih t = β  (2.23) 
where h(t) is the absolute distance of the particle away from the surface, at the time t. 
I0 stands for the max light intensity at the surface, which can be measured by dragging 
the particle to the bottom surface. Based on the equation above, the particle’s motion 
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trajectory at the vertical direction of the interface (z axis) could be resolved.[43] The 
detailed setup of the TIRM will be discussed in the next section. 
2.2.2 Magnetic Tweezers as driven force 
As previously discussed, magnetic tweezers are specific, powerful, and convenient to 
be manipulated. Therefore, we designed a 3D magnetic tweezers based on the TIRM 
apparatus with two series electromagnetic poles (four above and four under the 
sample stage) to generate a smart three-dimensional force control on a probe 
paramagnetic particle. Fig.2.7 shows our setup. A red laser beam (maximum = 35 mW, 
HeNe, λ = 632.8 nm, TEM00 mode, linear polarized, 1145P, JDSU) goes through a 
prism (three kinds of base angle are used: 63°, 70°, and 73°; thickness: 1.5 mm; n 
= 1.512, BK-7 glass, JUKA optics) perpendicularly, then gets reflected and refracted 
at the interface of the sample solution and glass medium. The sample tube 
(Borosilicate glass extra wide, W3520, thickness = 200 μm, VitroCom) has the same 
refractive index with the prism. Immersion oil (n = 1.518, Leica, Cat. Nr. 11513859) 
with the same refractive index was used to fill the gap between the prism and sample 
tube. The incident angle is slightly bigger than the critical angle θc to satisfy the total 




Figure 2.7 Single particle tracking apparatus which is combined by TIRM and 
magnetic tweezers. The electromagnetic tweezers composed by 8 magnetic poles are 
controlled by independent currents to generate a magnetic field. When the 
paramagnetic particle was forced to move up and down, the fluctuation of the 
scattered light will be detected both by PMT and CCD camera. 
 
The 8 magnetic poles (labeled 0-7) are separated in two planes: poles 0-3 were 
placed in the upper plane above the sample, while poles4-7 were in the plane below 
the sample. As shown in Fig.2.7, electromagnetic poles are made by a magnetic core 
(alloy rod, diameter: 6.35 mm, length: 10 cm, NI037910, Magnetic Shielding Alloy 
Ni77/Fe14/ Cu5/Mo4 Rod, Goodfellow Cambridge Limited) surrounded by coils. As 
a result, corresponding current variation determines the generated magnetic field on 
each magnetic pole. Furthermore, to make the magnetic field as strong as possible, the 
tips of the poles heading to the sample are mechanically polished to be sharp needles 
with size down to less than 100 um. (shown in Fig.2.8A).[43] In our design, 8 
magnetic rods are fixed in different directions (see schematic in Fig.2.8B) to achieve a 
well-controlled 3D magnetic field at any useful direction.  
 
Figure 2.8 Four core pieces of the upper set of magnetic poles under optical 
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microscope. (A) The tip of each rod was mechanically sharpened to diameter less than 
100 um. Eight electromagnetic poles were arranged in eight directions. (B) Top view 
schematic of the magnetic tweezers’ design, where the red spot is scattered light from 
a probe paramagnetic particle. [43] 
 
Every metal rod is covered by 200 turns of copper coiling wire, with a resistance of 
~2.2s. When currents go through these coils, a magnetic field is generated 
synchronized with the electric signals. Due to the fact that magnetic field intensity 
decays in a 5 power attenuation relationship with distance, we developed a   
homemade positioning stage (Fig.2.9) to support and fix these poles’ tips to be as 
close as possible to the sample tube. The angle between the four upper poles and the 
optical path is near 70r, and 35d between the optical path and the four lower poles to 
accommodate with the TIRM body. The upper and lower sets of poles can be operated 
independently to adjust the distance away from the sample tube. This special design 
also makes a room for the objective lens to move to its working location (N.A. = 0.5, 




Figure 2.9 (A) The 3D schematic of the eight poles. Glass sample tube was set on the 
copper sample stage, to which all the poles are pointing. These poles were fixed into 
the aluminum framework, but gave way to the optical path carefully. (B) The detail of 
the poles on our instrument. [23] 
 
2.2.3 Calibration of the magnetic force  
  We employ the viscous drag method to calibrate the magnetic force generated on 
the paramagnetic probe particle. When the particle was forced to move, its 
displacement in z axis was recorded by TIRM. The distance between the bottom of the 
particle and surface, h, is usually much smaller than the size of the probe, r, i.e., 
h/r ≪ 1. In this situation, the hydrodynamic effect could not be ignored. This confined 
geometry will lead to a large deviation from the general Stoke’s equation. This 
problem has been issued in TIRM measurements by Prieve and co-workers.[77] They 
coupled the hydrodynamic effects and corrected the Stoke’s equation. Following their 
discussion, the hydrodynamic force Fhydro(h) at specific h could be determined by: 
 
( )




6h + 4rhf h =
6h + 18rh + 8r
F h = 6πrηυ h f h
 (2.24) 
where f(h) is a reducing factor, modifying the bulk diffusion coefficient considering 
the hydrodynamic effects. The hydrodynamic force Fhydro(h) can be simplified as: 
 ( ) ( )2hydroF h = 6πr ηυ h / h  (2.25) 
Eq.(2.29) will show a very small deviation to replace Eq.(2.30) in a proper h ranged 
from ~ 200 to 800 nm which is the detection range of our TIRM. So Eq.(2.31) 
expressed the force exerting on the probe particle after the coupling with the 
hydrodynamic effect. Note that velocity, v, of the particle is actually determined by h, 
and the magnetic force Fmagnetic is kept as a constant in the range of probe motion. To 
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establish the position h = 0, the scattered light intensity on the interface, 𝐼0, can be 
measured by dragging the particle down to the surface bottom, using the lower 
four-tips mode. There’s another approach to determine I0, that’s a control experiment 
to measure the immobilized particles with the same size as the calibration experiments 
down to the bottom in highly salty solution. Through Eq.(2.29), h(t) can be 
determined, and as a result the velocity is also obtained by υ(h) = dh/dt. Finally, Eq. 
(2.32) can be worked out, leading to a h-t work curve. 
In our typical calibration experiment, a modified 4.5 um paramagnetic bead which 
surface is modified with poly(ethyl glycol)(PEG) to avoid additional interactions 
(M450-PEG), was used as probe particle. A standard viscous liquid, sucrose aqueous 
solution with known η is used as the calibration sample. Both upper two-tip mode 
(Pole 0 and Pole 2) and lower four-tip mode (Poles 4-7) were selected to be calibrated 
in the following oscillation measurement. For the upper two-tip mode, currents were 
applied to one pair of aspectant magnetic poles in upwards, which dragged the probe 
bead away from the surface. The whole process including the electric signal and 
scattered light signal were recorded at the same time. 
 
Figure 2.10 The displacement curve in z aixs, h( black cubic, left axis) is derived 
from the original intensity signal I (blue triangle, right axis) of the probe bead under 
the alternative forces in upwards and downwards directions. This calibration is 
performed in 40 wt% sucrose solution using M450-PEG as the probe beads. The red 
square wave demonstrates the direction of the magnetic force; the top parts stand for 




According to the Eq.(2.31), Fmagnetic could be calculated from h(t), which is derived 
from variation of scattered light intensity. In Fig.2.10, the motion of the probe bead is 
clearly shown from the h-t curves. The force oscillates with several cycles, so the z 
axis displacement curve goes up and down. Note that data in h > 1200 nm is negated, 
because the intensity signal is too weak there. In general, the data between 200-700 
nm is selected to calculate ν(h). Based on these discussions, we can construct the 
calibration curve relating the voltage V to the magnetic force, Fmagnetic. Meanwhile, the 
real net force on the particle also includes the gravity of the particle. So Fmagnetic is 
replaced by Fnet (=Fmagnetic ± Fgravity) for convenience. On the other hand, Fnet equals 
to Fhydro, extracted from Eq.(1,33), and the gravity is easy to be calculated with the 
size and density of the probe beads. To make sure all the measurements under the 
same condition, once the calibration measurements are done, the positions of sample 
tube and all the magnetic poles are fixed in the lateral experiments. The measurements 
and data analysis will be discussed in detail in Chapter 3. 
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3.1 Overview of the series of experiments 
 As a model soft colloid, structures and dynamics of microgel suspension has been 
extensively studied by rheological methods.[1-3] However these rheological 
techniques have variable limitations: shear force is too strong in bulk rheology and 
absent in DLS technique, narrowed the applications in fragile or stiff materials. In this 
chapter, a series of microrheology measurements of PNIPAM microgel suspensions in 
highly compressed environment under a confined geometry were conducted using our 
self-built single particle tracking microrheometer. Both volume fraction and 
temperature dependence varying in broad range were studied.  
In the concentration dependent experiments, PNIPAM microgel suspension was 
investigated at fixed temperature with varied concentrations (weight concentration: 
g/mL), ranging from 1 wt% to 7.5 wt%, which corresponds to a prominent variation 
of effective volume fraction from a non-contact suspension to a highly compressed 
system. Similarly, in the temperature dependent experiments, temperature variation at 
a specific concentration was studied. Samples with concentration from 1wt% to 7.5wt% 
were measured to observe the effective volume fraction induced behavior, like 
fluid-glass phase transition as we expected. Then microrheology at different 
temperature in the sample was also measured. Finally, a series of bulk rheology 
experiments were processed as control experiments.  
3.2 PNIPAM microgel synthesis and characterization 
  PNIPAM microgel particles were synthesized using precipitation polymerization[4, 
5]. N-isopropylacrylamide (NIPAM; 5.798 g) as monomer, N,N’-methylene 
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bisacrylamide (BIS; 197.2 mg) as the crosslinker, and sodium dodecyl sulfate (SDS; 
737.0 mg) as surfactant were dissolved in deionized water (300 mL) in a 500 ml 
two-neck flask fitted with a nitrogen bubbling inlet and outlet and a reflux condenser 
and stirred with a magnetic stir bar. After stirring the solution for 1 hour at 70 ℃ 
under nitrogen bubbling, the polymerization was initiated by injecting potassium 
persulfate (KPS; 690.5 mg) dissolved in 20 mL deionized water. The reaction mixture 
was keep at 70℃ for 6 hours. The resultant microgels were purified by repeated 
centrifugation/resuspension for three times to remove the lower molar mass polymer 
chains, unreacted reagents and redundant surfactant. Finally, dried microgel powder 
was obtained by freeze drying method. 
The size of microgel particles were characterized by dynamic laser light scattering 
(DLS, ALV-5000 goniometer). Two batches of microgel samples (Batch 1 and Batch 2) 
were measured and selected in our following experiments which showed similar size 
dependence of temperature as measured by means of DLS (Fig.3.1). Polydispersity 
indexs (PDI) of microgels’ are 0.168 for Batch 1 and 0.169 for Batch 2 at 20 ℃ 
respectively. Such a polydispersed system is ideal for our experiments as it avoids 
particles’ crystallization. To make an easy understanding, all the following 
characterization is measured from batch 2.  
 
Figure 3.1 Two batches of micogels were measured in a temperature circle, 20 ℃
-40 ℃-20 ℃. It was shown that Rh in Batch 1 (A) and batch 2 (B) have similar 
thermal sensitivity. Red symbol was the heating process while black symbols were 
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measured in cooling process. 
   
From Fig. 3.1, the microgels shrink pronouncedly in a heating process from 20℃ 
to 40℃ with microgel’s Rh swelling ratio of 
𝑅ℎ�20℃�
𝑅ℎ�40℃�
> 3. Compared with the 




the microgels used in our experiments are comparably ultrasoft. To explore the 
volume fraction induced glass transition of such ultrasoft colloids, a series of microgel 
suspension from dilute to highly concentrated were prepared. Their effective volume 
fraction, φeff, indicating the deformity of microgel particles was calculated by using 
Eq.(2.3) as mentioned in Chapter 2. Firstly, relative viscosity of microgels in a very 
dilute suspension, 0.05 wt%, was measured through Ubbelohde viscometer at 24 ℃. 
















  (3.1) 
where r can be replaced by Rh, which is a function of temperature, c is the 
concentration of the microgel. Following this method, Table3.1 lists all the ϕ𝑒𝑒𝑒 in 
concentration and temperature dependence used in our experiments 
 
Table 3.1 This table indicates how the two factors effect microgels’ effective volume 
fraction. The concentrations and temperatures listed are the experimental conditions in 




3.3 Microrheology of PNIPAM microgels suspension 
Firstly, calibration of the magnetic tweezers should be done before each series of 
microrheological measurements. In the calibration experiments, the voltage/current on 
the coils of the magnetic tips changes to produce different magnetic forces acting on 
paramagnetic bead, and the motion of the bead is tracked to obtain the force in 
medium with known viscosity.  
In our calibration experiments, 40 wt% sucrose solution was used as standard 
Newtonian liquid to calibrate magnetic forces generated from the magnetic poles by 
varying voltages from 0.3 to 4 V. The principle about calibration has been discussed in 
Chapter 1. All the setup was kept at the same place to do the following 
microrheological measurement after the calibration. In a typical calibration 
experiments, the magnetic forces exerted by two modes of combination of the 
magnetic poles, upper two-tips (Pole 0 and 2) and lower four-tips (Pole 4 to 7) are 
usually selected to be measured. For the probe particle, in all the experiments, 
M450-PEG, a paramagnetic microbead (diameter: 4.5um, Invitrogen, coated by 
short-chain poly(ethyl glycol) (PEG, Mw ~1000 g/mol), is used. All the samples were 
prepared in 1mM sodium chloride (NaCl) condition to screen the electrostatic 
interaction between the particles. The results lead to voltage depended net forces Fnet 
(=Fmagnetic ± Fgravity) on the probe bead, showed in Fig.3.2.  
 
Figure 3.2 The probe paramagnetic bead (M450-PEG) is magnetized in the magnetic 
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fields and suffers from a controllable magnetic force via changing voltages on the 
ends of the coil. (A)The magnetic effective force, Fnet, obtained from upper mode can 
be as strong as 16 pN. (B) The lower mode generates a relatively small force 
compared to the upper ones since the below tips are placed further to the sample.  
 
After finishing the calibration and obtaining the voltage-force work curve, a typical 
oscillation method similar to bulk rheology measurements is applied to measure the 
microgel sample suspensions. The complex modlus, G* in a frequency domain can be 
resultantly obtained. From the previous discussion, in rheology study, G* reflects the 
extent of a material to be solid or liquid like. From the relationship: 
G*=G’(ω)+iG”(ω), where G’(ω) and G”(ω) are frequency depended elastic and loss 
modulus. In the oscillatory measurements, a sine function, F(t)=F0sin(ωt), was 
generated on the probe M450-PEG by generating sine voltages on the electromagnetic 
tips and the displacement of the particle was monitored at the same time. In my 
experiment, a range of frequencies from 0.1 to 10 Hz were measured by cooperating 
the upper and lower modes introduced in the calibration experiment to make a vertical 
oscillated force along z axis at a specific frequency. As a result, the displacement of 
probe also follows a sine wave function with a phase shift in viscoelastic medium.    
Fig.3.3 shows an example of the displacement under oscillated vertical forces at 3 




Figure 3.3 Probe’s displacement, h(t), measured under oscillatory mode at 1Hz (black 
line), 2 Hz (red line) and 5 Hz (blue line) in gelatin aqueous solution.[6] 
 
In a near-wall case, the viscoelasticity of the complex fluids not only depends on 
the applied frequency but also the distance away from the surface. At a specific 
frequency ω and around a distance of hc, the experiments yields a two-component 
depended complex modulus G*(ω,hc)=G’(ω,hc)+iG”(ω,hc) which can be deduced 
from[7] 
 ( ) ( )* *0 c c2
F h
= h ω G ω, h
6πr
  (3.2) 
where h*(ω) is the resultant displacement of the probe h(t)=Asin(ωt-φ) in frequency 
domain. Note that Eq.(3.2) is valid as long as the amplitude of the displacement A is 
small, so that the hydrodynamic force can be considered as a constant in this height 
range, which is controlled under 20 nm in the following experiments. According to Eq. 
(3.2) and the function of complex modulus, modulus G’ and G” can be obtained from 











G' ω, h = cos
6πr A
F h
G" ω, h = sin
6πr A
  (3.3) 
In conclusion, the microrheological properties can be obtained at a specific frequency 
and known magnetic force. Experiments depending on frequencies were measured 
one by one, then all the resultant modulus were plotted to form a frequency spectrum.  
3.3.1 Volume Fraction dependence measurements 
The original intention of this experiment is to study the fluid-to-solid transitions 
induced by volume fraction in the ultrasoft microgel suspension by our established 
single-particle microrheology techniques. So a wide range of concentrations of 
 50 
 
microgel suspensions were studied. In our experiment, microgels are slightly 
polydispersed to avoid crystallization. To reduce temperature-induced influence, 
measurements were carried out at fixed temperature around or below the room 
temperature. At such a low temperature, PNIPAM microgels exhibit a swelling 
repulsive property, which could meet with the conditions in simulation studies that the 
softness of the particles does not change.[8-10] 
Since it is hard to determine the volume fraction of deformed microgels in 
concentrated cases, effective volume fraction is introduced instead of real volume 
fraction to express the compression degree of the system as shown in Table 3.1 for 5 
samples of PNIPAM microgel suspension we used at concentration of 1.0, 2.0, 3.0, 
4.5 and 7.5 wt%. Their effective volume fraction can be a big range from 0.5 to 4.58 
as shown in Table3.1.  
The results of the microrheology of microgel suspensions at three dilute 
concentrations, 1.0, 2.0 and 3.0 wt% are shown in Fig.3.4 A-C measured at 24℃, their 
resultant rheological properties are similar to each other which all show a typical 
fluid-like behavior. The loss modulus G” is always larger than G’ through the whole 
measurable frequency range. Meanwhile, there exists the scaling law of G’’ with ω as 
G”~ωα, where α is a constant, ranging from 0.6-0.9, deduced from Fig.3.4. Microgel 
suspension with an effective volume fraction ranging from 0.5 to 1.5 always behaves 
as a fluid in our experiments. This is reasonable and agrees well with previous studies 
by other researchers.[3, 11] On the other hand, for its soft repulsive nature, it should at 
least keep at a fluid state as the effective volume fraction goes across 0.58, the 
so-called random close packing fraction. 
 
Figure 3.4 Storage modulus G’ (solid symbol) and loss modulus G” (black symbol) of 
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PNIPAM microgel suspensions at 1.0 (A)(φeff = 0.61), 2.0(B)(φeff = 1) and 3.0 
wt%(C)(φeff = 1.5). All of these measurements were done at 24℃, except for 1.0 wt%, 
which was measured at 22℃. 
 
Transition appeared in 4.5wt% (24℃, φeff=2.25) microgel suspension where G’ > 
G”(see Fig.3.5A). Also the power law between G” and ω broke up. A plateau appears 
at both in G’ and G’’, what is a typical character of an elastic solid. In other words, we 
might observe an ongoing glass state of microgel suspension atφeff = 2.25 judging 
from the rheological properties. Fig.3.5 (A) shows that this glass transition happened 
when the effective volume fraction was increased from 1.5 to 2.25. As the 
concentration further increases to 7.5wt%, and under two relatively low temperatures, 
22 ℃ and 24 ℃ (Fig.3.5B), it was unexpectedly found that at 24 ℃(φeff = 3.75), 
the values of G’ and G” were similar to each other, but 10 times larger than the 
modulus at 4.5 wt%, indicating a viscoelastic properties between fluid and solid. 
However, at 22℃(φeff = 4.58), the result further tends surprisingly to a liquid-like 
state, where the viscosity property dominates. Note that these two temperatures are far 
from the LCST, so we consider the interactions between microgel particles are similar 
as weak and repulsive.  
 
Figure 3.5 (A) Elastic and loss modulus at 4.5 wt% at 24 ℃ is shown, together with 
Elastic and loss modulus at 7.5 wt% at 24℃ (B) and 22℃ (C).  
 
Comparing Fig.3.4 and Fig.3.5, the results from microrheology give rise to a 
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picture that microgel suspension was a viscous liquid when itsφeff <2.25, then it 
turned to a glassy state atφeff =2.25, but started to melt atφeff =3.75, and finally it 
transited to a viscous liquid again whenφeff >4.58. The whole process is a 
liquid-glass-liquid transition. To our knowledge, this is first observation of a transition 
state from elastic solid to viscous fluid at such a high volume fraction of microgel 
suspension.  
Fig.3.6 compared further the separated values of G’ and G’’ respectively at each 
volume fraction. As the concentration increases, both G’ and G” kept increasing. It 
indicates that if microgel system becomes more crowded, it should be more difficult 
to be deformed. 
 
Figure 3.6 Storage modulus G’ (A) and loss modulus G” (B) of microgel suspensions 
are figured out in concentration dependence. 
 
As a controlled experiment, bulk rheology of microgel suspensions (3.0, 4.5, 7.5 
wt%) were measured by a strain-controlled rheometer (Anton Paar RHEOPLUS 
MCR301). The bulk rheology shows that all the three samples failed to enter a 
solid-like state, but turns from liquid to viscoelastic state at 24 oC, as shown in Fig.3.7. 
At these three concentrations, a typical liquid phase character of the G” is obvious, 
that there’s a power law: G”~ ωα. Moreover, G” > G’ at low frequency indicates that 
their viscous property plays a main role in the system. For the lowest concentration 
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below and at 3.0 wt%, G’ is hard to be detected as small as less than 0.01Pa, showing 
the liquid nature. However, as the concentration increases, G’ begins to increase, and 
crossovers with G’’, indicating the elastic properties becomes obvious. From these 
bulk results, we can conclude that the sample microgel suspension always behaves 
like a viscoelastic fluid in the measured concentration range observed from 
macroscales.  
 
Figure 3.7 Bulk rheology of microgel suspensions at concentration of 3.0, 4.5 and 7.5 
wt% measured at 24℃. 
 
In conclusion, microgel suspension was observed to experience a 
liquid-glass-liquid like transition process as effective volume fraction increases by 
microrheology measurements; while they always show a typical viscoelastic liquid 
property by conventional bulk rheology. The reason of this unusual phase transition is 
likely a result of confined geometry of our set-up and the soft nature of the used 
particles, which will be discussed in the next chapter. The different results offered by 
the two methods might due to the probability that some microstructures formed by 
squeezed microgels could be destroyed under bulk rheometer’s strong shear force.    
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3.3.2 Temperature depended measurements 
  As temperature increases, PNIPAM microgel particles shrink their size and become 
more attractive to each other. Similar to the concentration dependent measurements, 
we have studied how temperature affects the PNIPAM microgels’ phase behaviors, by 
our particle-tracking microrheometer. In this study, 3.0 wt% microgel suspension was 
studied from 22℃ to 38℃. Fig.3.8 shows the elastic and loss modulus in temperature 
dependence from our particle-tracking microrheometer. Our results revealed that from 
22 ℃ to 35 ℃, the sample always showed a liquid-like behavior, but turned to be 
viscoelastic solid at 38 oC where G’ > G”.  
 
 
Figure 3.8 Microrheology of 3.0 wt% microgel suspension at different temperatures 
shown from (A) to (H), where solid symbol stands for storage modulus G’ and hollow 
symbol stands for loss modulus G”. 
 
  Referring to its temperature changeable effective volume fraction in Table 3.1, the 
maximum effective volume fraction φeff =1.83 appears at 22℃ in this series of 
experiments. It is reasonable that if the microgel system at 22℃ exhibits a liquid 
behavior, it would keep this phase at higher temperatures since the effective volume 
fraction decreases as temperature increases. However, at 38 oC, where φeff decreased 
to a very small value 0.084, solid-like behavior is detected. This is because as 
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increasing the temperature, not only φeff changes, but also the interactions between 
microgel particles changes from short-ranged repulsive to be much more long-ranged 
and attractive. In this experiment at 38℃, although its φeff is quite small, even low 
than 1.0%; microgels’ attraction might be strong and long-ranged enough to produce 
an elastic network under a confined geometry.  
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4.1 Discussion and Conclusion  
In this section we go further on the discussion of the abnormal observation that 
there exists a re-entrant liquid-glass-liquid phase transition at higher φeff in our 
experimental range of concentrations. According to our microrheology results, 
microgel suspensions with 1.0 wt%, 2.0 wt%, and 3.0 wt% are liquid, whereas at 
4.5wt% elastic solid behavior is observed. However, this turns back to a viscoelastic 
fluid at concentration of 7.5wt%. As it is shown that from Φeff == 0.61 to 4.58, the 
microgel suspension goes through a re-entrant liquid-glass-liquid phase transition. 
This is rather confusing.  
This liquid-glass-liquid phase transition usually cannot be achieved in hard 
colloidal systems for its undeformable property, but this may be possible in soft 
colloid systems, like microgel suspensions. This is because due to the softness and 
deformable of the particles, microgels can be packed to effective volume fractions far 
above 100% with enormous consequences for the resulting structural and dynamical 
properties. Actually, theoretical studies have predicted a liquid-crystal-liquid phase 
transition on the simulated phase diagram in a monodispersed condition.[1, 2] In 
another simulation for polydispersed soft colloidal system, a liquid-glass-liquid 
transition is also showed.[3] This has been mentioned in Section 2.3.  
In their simulation, a Hertzian potential was used to describe the interactions 
between soft colloids. It defined a pairwise potential that can describe the repulsive 
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soft colloids like micells, microgels and star polymers. When the temperature is near 
absolute zero Kelvin, according to results proposed by Szamel et al., the system will 
go through a liquid-glass-liquid transition only by increasing the number density. At a 
certain condensed condition, the soft colloids only deform and shrink, but also start to 
overlap themselves, which is impossible in hard colloidal system. With the system’s 
number density increasing, particles increase their overlaps and have effectively more 
space. Thus other particles have more chances to fit more configurations. In such a 
system, the entropy gain from the increasing configurations can be larger than the 
entropy cost of the overlaps. However, there still lacks a direct experimental evidence 
until now for this interesting liquid-glass-liquid presumption.[3] 
As shown in Fig.3.4 & 3.5, we observed firstly such a liquid-glass-liquid transition 
at room temperature. Referring to most of the experimental works about the phase 
transition of PNIPAM microgels, only glass state was observed as a final state. 
Therefore, we first compared the sample with the others, and found that the microgels 
we used are much softer than others. In other words, according to DLS data offered 
by other researchers,[4-6] the swelling ratio of the microgel is  𝑅ℎ�20℃�
𝑅ℎ�40℃�
< 2.2, while 
this ratio in our experiment is 3.3. Such ultrasoft particles would cost less energy 
when they overlap and make it easier to achieve the extended glass-liquid case in the 
simulation under room temperature. As a result, the overlap induced glass-liquid 
transition would be easier to be observed if the particles are soft enough.  
Besides, comparing to other researches, the major possible reason for the 
glass-liquid transition in our experiment may be the confined geometry. The near 0 K 
temperature serves an energy-confined condition, where the particles’ movement is 
limited. In our microrheology experiment, the microgels are confined in a very tiny 
gap between the glass surface and bottom surface of the probe particle, as shown in 
Fig.4.1. The thickness of this gap is the h measured in the experiment, which was 
usually about 200 to 300 nm, equal to 1 to 2 microgels (Rh ~ 130 nm at 24℃). If the 
mcirogels are well arranged at 24℃, few layers of the microgels can be squeezed in. 
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Microgels in such a confinement maybe deformed and slowed down, what is similar 
to the case confined near 0 K. 
 
Figure 4.1 Schematic of confined geometry in my microrheology measurements.  
 
 The influence of confined geometry on phase transitions in hard colloidal system has 
been studied previously.[7, 8] The results agreed with our assumption that the 
confined geometry would induce glass-liquid transition. Weeks et al. designed a 
confined geometry to study the hard colloids’ glass transition. To avoid crystallization, 
two sizes of polymethyl(methacrylate) (PMMA) particles were filled in a 2D confined 
sample cell as shown in Fig.4.2[8]. Through observing the MSD of the particles by 
confocal microscopy, they found the glass state appears sooner than the one in bulk 
without confinement. 
 
Figure 4.2 Schematic of sample cell in Weeks’ researches.[8] The green particle is the 
small one, the white particle is the bigger one. One of the boundaries is a coverslip, 
rather than a glass slide, indicated by the thinner line. 
 
According to this literature, two phenomena in our experiment might be explained. 
First, in the bulk rheology study, all the concentrations of microgel suspension 
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exhibits liquid-like property, nevertheless microrheology shows a solid-like property 
at 4.5wt%. The reason may be that if the confined geometry slowed down microgels’ 
movement the system would go through a glass transition earlier than those in bulk. 
Of course, destruction of system’s microstructure by the strong shear force in bulk 
rheometer cannot be neglected as another reason. Moreover, this confined system 
might help microgels go through a liquid-glass-liquid transition, which could not be 
observed in usual cases. So the glass-liquid reentrant melting phenomenon probably 
relates to our confined environment and microgels’ soft nature. 
 
4.2 Future Perspectives 
In our setup, the upper two magnetic poles can generate a smart magnetic force on 
the paramagnetic bead, which could reach tens of pNs, while the magnetic force from 
the lower four poles is less than 2 pN. This asymmetric force manipulation system 
will limit its application on stiff materials with a high modulus, like highly 
crosslinked hydrogel. The main reason for this problem is that a optical prism 
(thickness ~ 1.5 mm) is needed to be placed under the bottom of sample tube to lead 
out all the scattered lights, makes the lower four poles’ tips much farther away from 
the sample tube, compared to the upper poles (Fig.4.3). Since the signal from the laser 
beam would have lots of noise if it propagates the tube without the prism, it is 
impossible to remove the prism. And the thickness of the prism cannot be reduced any 
more, otherwise it would be quite hard to operate the experiment. So the way to 
modify this situation may be the following two approaches. First, design a prism that 
have some holes to make the poles’ tips fit in, but these holes have to be located 
carefully to be kept away from the light path. Second, make stronger magnetic poles, 
using bolder ones or polishing the tips sharper. The first design may help the tips get 
closer to the sample, and the second one would make the original magnetic field 
intensity stronger at a same distance. In the future, both the two improvements would 





Figure 4.3 Schematic of the set-up of sample tube and magnetic tweezers in our 
instrument. The thickness of the prism attached under the sample tube is 1.5 mm, and 
the sample tube’s thickness is 0.2mm. 
 
Another question is the interaction potential of the microgels. To further confirm 
the transition we observed, we should confirm that the microgels in our experiment 
are Hertzian spheres. To do this characterization, the pairwise correlation function of 
the microgels will be measured by light scattering in the future. It helps us to calculate 
the pairwise potential, which is the main character of the Hertzian sphere. Besides 
microgel systems, another typical Hertzian sphere, star polymer, is also a model 
system as soft colloids, and it will be studied systematically by microrheology in the 
future. Star polymer is a macromolecule with a treelike shape and might be softer than 
microgel particles. From this perspective, to study the star polymers’ phase behavior 
is meaningful to understand the fundamental relationship between the molecules and 
colloids. A series of 4-arm PNIPAM and 4-arm polyethylene glycol (PEG) star 
polymer solutions with different concentrations would be studied by our single 
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